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In cells, organelles and vesicles are usually transported by cooperation of several
motor proteins, including plus-end directed motor kinesin and minus-end directed
motor dynein. Many biophysical models have been constructed to understand the
mechanism of this motion. However, so far, the basic principle about it remains
unclosed. In this paper, based on the recent experimental results and existing theo-
retical models, a spider-like model is provided. In this model, each motor is regarded
as a bead-spring system. The bead can bind to or unbind from the track stochas-
tically, and step forward or backward with fixed step size L and force dependent
transition rates. The spring connects the bead to cargo tightly. At any time, the po-
sition of cargo is determined by force balance condition. The obvious characteristics
of our model are that, the motors interact with each other and they do not share
the external load equally. Our results indicate, the stall force of cargo, under which
the mean velocity of cargo vanishes, usually decreases with the interactions between
motors. If the cargo is pulled by several motors from same motor species, the stall
force of cargo is bigger than that of the single motor, but usually smaller than their
sum. However, if the cargo is pulled by two motors with different directionality,
the stall force of cargo might bigger or smaller than the difference of the two single
2motor stall forces. The results imply, cooperation of several motors is helpful to pull
big cargoes, though it is not so good as might be expected and no obvious help to
improve the velocity.
I. INTRODUCTION
Intracellular transport along microtubule (MT) is usually powered by motor proteins,
which transform the free energy released from ATP hydrolysis into mechanical work [1–4],
such as conventional kinesin [5–8], which moves to the plus end of MT, and cytoplasmic
dynein [9–12], which moves to the minus end of MT. Although the single motor protein
properties have been studied in detail both experimentally and theoretically, recent experi-
mental data find the cargoes in cells are usually transport by several motor proteins [13–17],
and the stall force and mean velocity of the cargo might completely different from which of
the single motor protein [16, 18–20]. Meanwhile, the cooperation of several motor proteins
in the motion of muscle [2, 21–25] and flagellar filaments [26–32] have also been observed.
To understand the mechanism of the motion of cargo along MT, many theoretical models
have been constructed [15, 33–36]. In [36, 37], Lipowsky and coworkers provided a tug-of-
war model, in which the cargo is assumed to be attached by several plus-end directed and
minus-end directed motors, and the cargo motion are determined by the number of motors
which engage in the tug-of-war. By this model many valuable properties of the intracellular
transport of the cargoes can be found [19, 20, 37, 38]. However, there is no evidence that all
the binding sites of plus-end directed motors (or minus-end directed motors) on MT have
equal distance to the cargo, though experiments found that there are usually several (12-15)
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3parallel tracks along MT [2, 39–42]. So, the load felt by each motors, and consequently the
rates of binding to and unbinding from the track of each motors, are different. To account
this difference, Kunwar and collaborators regard each motor as a spring in their model, and
found that, in fact, the motors can influence each other through the cargo [18]. Recent
experimental data indicate that the inter-motor interactions should be taken into account
in the modeling of cargo motion [43, 44]. Other valuable discussions about this problem can
be found in the literatures [23, 26, 33, 45–49].
In this paper, based on the existing results, a new kinetic model will be presented. In
this model, each motor protein is regarded as a bead-spring system. The bead can move
forward and backward along the track with step size L (L = 8 nm for kinesin and dyenin),
and unbind from or bind to the track stochastically. The cargo is connected to each bead by
a spring. Roughly speaking, the cargo moves along microtubule like a spider. The position
of cargo is obtained by force balance condition, and its velocity depends on the external
load and distance between any two of the motor proteins. Using the similar methods as
Fisher and Kolomeisky [5, 50, 51], explicit expressions of the mean velocity for some special
cases can be obtained. Essentially, in our model, the interactions among motor proteins
are described by the similar method as Kunwar et al [18], but the motion of single motor
protein is modeled by similar idea as Fisher and Kolomeisky [5, 50, 51]. The advantage of
our model is that, it not only takes into account the inter-motor interactions explicitly, but
also models the single motor in a simple kinetic framework. So, some explicit results can be
obtained. Or, in other words, our model is not only more reasonable to describe the motion
of cargo pulled by several motors, but also theoretically tractable to get explicit results.
The organization of this paper is as follows. In the next section, the model will be
described generally, and then in section III, special case, in which there are only two motor
4proteins, are further studied and explicit results are obtained. In section IV, examples of
Monte Carlo simulations and theoretical results are given to illustrate the properties of the
model. Finally, concluding and remarks are presented in the last section.
II. MODEL DESCRIPTION
We assume that the cargo is tightly attached by N motor proteins, each of them consists
of a bead and a spring. Each bead can jump forward or backward with rates un, wn (1 ≤ n ≤
N), and step size L. The cargo is connected to bead-n by a spring with spring constant κn
[18] [62] At any time, if bead-n is binding to the ln−th binding site of MT, and the external
load is Fext (which is positive if it points to the minus-end of MT), then the location x of
cargo satisfies the following force balance condition
N∑
j=1
(ljL− x)κj = Fext. (1)
Therefore,
x =
1∑N
j=1 κj
(
N∑
j=1
κjljL− Fext
)
. (2)
Specially, if κn ≡ κ for 1 ≤ n ≤ N , then
x =
1
N
(
N∑
j=1
ljL− Fext
κ
)
. (3)
If bead-i is unbound from MT, then liL = x. So, if there are M motors which are unbound
from the track, the N in the above formulation should be replaced by N −M .
By the expression in Eq. (3), one finds that, if bead-n makes a forward step, i.e., moves
from location lnL to (ln + 1)L, the location of cargo will change from x to x + ΔnL with
5Δn = κn
/∑N
i=1 κi . So the change of potential of bead-i (for i = n) is
ΔGfi (ln) :=Gi(l1, · · · , ln−1, ln + 1, ln+1, · · · , lN)−Gi(l1, · · · , lN)
=
1
2
κi
[
(liL− (x + ΔnL))2 − (liL− x)2
]
=κiΔnL
(
x− liL + 1
2
ΔnL
)
=ΔiΔnL
(
N∑
j=1
κjljL− Fext
)
+ κiΔn
(
1
2
Δn − li
)
L2,
(4)
where Gi(l1, · · · , lN) is the potential of bead-i at state (l1, · · · , lN). And the potential change
of bead-n is
ΔGfn(ln) :=Gn(l1, · · · , ln−1, ln + 1, ln+1, · · · , lN)−Gn(l1, · · · , lN)
=
1
2
κn
[
((ln + 1)L− (x + ΔnL))2 − (lnL− x)2
]
=κn (L−ΔnL)
(
lnL− x + L
2
− 1
2
ΔnL
)
=κn (1−Δn)
(
ln +
1
2
− 1
2
Δn
)
L2 −Δn (1−Δn)
(
N∑
j=1
κjljL− Fext
)
L.
(5)
So the total potential difference of the system during one forward step of bead-n is
ΔGf (ln) =
1
2
κn(1−Δn)L2 + ΔnL2
N∑
i=1
κi(ln − li) + FextΔnL. (6)
Similarly, if bead-n makes a backward step, i.e., moves from location lnL to (ln − 1)L, then
the location of the cargo will change from x to x−ΔnL. So the potential change of bead-i
(for i = n) is
ΔGbi(ln) :=Gi(l1, · · · , lN)−Gi(l1, · · · , ln−1, ln − 1, ln+1, · · · , lN)
=ΔiΔnL
(
N∑
j=1
κjljL− Fext
)
− κiΔn
(
1
2
Δn + li
)
L2,
(7)
and the change of potential of bead-n is
ΔGbn(ln) :=Gn(l1, · · · , lN)−Gi(l1, · · · , ln−1, ln − 1, ln+1, · · · , lN)
=κn (1−Δn)
(
ln − 1
2
+
1
2
Δn
)
L2 −Δn (1−Δn)
(
N∑
j=1
κjljL− Fext
)
L.
(8)
6Therefore, the total potential difference during one backward step of bead-n is
ΔGb(ln) =
1
2
κn(Δn − 1)L2 + ΔnL2
N∑
i=1
κi(ln − li) + FextΔnL. (9)
Using the same as in [5, 51, 52], the forward and backward transition rates of bead-j can
be obtained as follows
uj =u
0
j exp
(
−δjΔG
f (lj)
kBT
)
, wj = w
0
j exp
(
(1− δj)ΔGb(lj)
kBT
)
, (10)
where u0j , w
0
j are zero-load forward and backward transition rates respectively, and δj is load
distribution factor.
Similar as in [20, 36–38], the rates of binding to and unbinding from the track of bead-j
can be obtained as follows
koffj (lj) = k
off
j exp
(
κj|ljL− x|
F jd
)
, konj (lj) = k
on
j exp
(
−κj|ljL− x|
F ja
)
, (11)
in which x is the location of cargo (see Eq. (2)), F jd is detachment force, and we call F
j
a
attachment force which is assumed to be infinity in the tug-of-war model [36].
III. CARGO TRANSPORT BY TWO MOTORS
To better understand the basic properties of cargo transport by several motors, in this
section, we give detailed discussion about one special case in which there are only two motors,
named by motor-1 and motor-2 respectively. Let l+L be the location of bead-1, l−L be the
location of bead-2, then lL = (l+− l−)L is the distance between the two motors. Let P (l, t)
denote the probability of finding the distance between the two motors is lL at time t, P+(t)
and P−(t) be probabilities of finding bead-1 and bead-2 being detached from the track at
time t respectively. Then, for this special case, Eq. (1) reduces to
κ+(l+L− x) + κ−(l−L− x) = Fext. (12)
7Consequently,
x =
κ+L
κ+ + κ−
l+ +
κ−L
κ+ + κ−
l− − Fext
κ+ + κ−
. (13)
It can be verified that the potential at state (l+, l−) is
G(l+, l−) =
1
(κ+ + κ−)2
[
κ+ (κ−(l+ − l−)L + Fext)2 + κ− (κ+(l− − l+)L + Fext)2
]
+
(
κ+L
κ+ + κ−
l+ +
κ−L
κ+ + κ−
l− − Fext
κ+ + κ−
)
Fext.
(14)
So
ΔGf+ := G(l+ + 1, l−)−G(l+, l−) =
κ+κ−L2
κ+ + κ−
(
l +
1
2
)
+
κ+L
κ+ + κ−
Fext. (15)
Similarly,
ΔGf− := G(l+, l− + 1)−G(l+, l−) =
κ+κ−L2
κ+ + κ−
(
1
2
− l
)
+
κ−L
κ+ + κ−
Fext, (16)
ΔGb+ := G(l+, l−)−G(l+ − 1, l−) =
κ+κ−L2
κ+ + κ−
(
l − 1
2
)
+
κ+L
κ+ + κ−
Fext, (17)
ΔGb− := G(l+, l−)−G(l+, l− − 1) = −
κ+κ−L2
κ+ + κ−
(
1
2
+ l
)
+
κ−L
κ+ + κ−
Fext. (18)
Therefore, P (l, t), P+(t), P−(t) are governed by the following master equations [63]
d
d t
P (l, t) =U(l − 1)P (l − 1, t) + W (l + 1)P (l + 1, t) + A+(l)P+(t) + A−(l)P−(t),
− (U(l) + W (l) + D+(l) + D−(l))P (l, t), l = 0,±1,±2, · · · ,
d
d t
P+(t) =
+∞∑
l=−∞
D+(l)P (l, t)−
+∞∑
l=−∞
A+(l)P+(t),
d
d t
P−(t) =
+∞∑
l=−∞
D−(l)P (l, t)−
+∞∑
l=−∞
A−(l)P−(t),
(19)
where
U(l) = U+(l) + W−(l) = U+ exp
(
−δ+ΔG
f
+
kBT
)
+ W− exp
(
(1− δ−)ΔGb−
kBT
)
, (20)
W (l) = W+(l) + U−(l) = W+ exp
(
(1− δ+)ΔGb+
kBT
)
+ U− exp
(
−δ−ΔG
f
−
kBT
)
, (21)
8D+(l) = k
off
0+ exp
(
κ+|l+L− x|
F+d
)
= koff0+ exp
(
κ+|κ−lL + Fext|
(κ+ + κ−)F+d
)
, (22)
D−(l) = koff0− exp
(
κ−|l−L− x|
F−d
)
= koff0− exp
(
κ−|Fext − κ+lL|
(κ+ + κ−)F−d
)
, (23)
A+(l) = k
on
0+ exp
(
−κ+|l+L− x|
F+a
)
= kon0+ exp
(
−κ+|κ−lL + Fext|
(κ+ + κ−)F+a
)
, (24)
A−(l) = kon0− exp
(
−κ−|l−L− x|
F−a
)
= kon0− exp
(
−κ−|Fext − κ+lL|
(κ+ + κ−)F−a
)
, (25)
where U±,W±, koff0±, k
on
0±, F
±
d , F
±
a are single motor parameters. And U+(l),W+(l) are the
forward and backward transition rates of bead-1 when l+ − l− = l, U−(l),W−(l) are the
forward and backward transition rates of bead-2 when l+− l− = l. A±(l), D±(l) are binding
and unbinding rates of single motor [15, 36]. Formulations (20-25) can be replaced by more
reasonable ones to describe the force dependence of single motor transition rates [5, 53–56],
but the basic properties will not change essentially.
From Eq. (13), one sees that, for one step of motor-1 or motor-2, the corresponding
displacement of cargo is κ+L
κ++κ−
or κ−L
κ++κ−
respectively. One can also verify that, if bead-1
unbinds from state l, the change of cargo position is
κ+L
κ+ + κ−
(
Fext
κ−L
+ l
)
, (26)
and if motor-2 unbinds from state l, the change of cargo position is
κ−L
κ+ + κ−
(
Fext
κ+L
− l
)
. (27)
9So the steady state velocity of the cargo is (see [57])
V =
L
κ+ + κ−
∞∑
l=−∞
[U+(l)κ+ + U−(l)κ− −W+(l)κ+ −W−(l)κ−
− κ+
(
Fext
κ−L
+ l
)
D+(l)− κ−
(
Fext
κ+L
− l
)
D−(l)
]
P (l)
+ L
[
U− exp
(
−δ−FextL
kBT
)
−W− exp
(
(1− δ−)FextL
kBT
)
+
κ+
κ+ + κ−
∞∑
l=−∞
(
Fext
κ−L
+ l
)
A+(l)
]
P+
+ L
[
U+ exp
(
−δ+FextL
kBT
)
−W+ exp
(
(1− δ+)FextL
kBT
)
+
κ−
κ+ + κ−
∞∑
l=−∞
(
Fext
κ+L
− l
)
A−(l)
]
P−,
(28)
where the steady state probabilities P (l), P+, P− are obtained by Eq. (19).
A. Special case I
Under the assumption that A±(l) = D±(l) = 0 for l = 0 (see Fig. 1), the steady state
master equations are
U(l − 1)P (l − 1) + W (l + 1)P (l + 1)− (U(l) + W (l))P (l) = 0, l = ±1,±2, · · · ,
U(−1)P (−1) + W (1)P (1) + A+(0)P+ + A−(0)P− − (U(0) + W (0) + D+(0) + D−(0))P (0) = 0,
D+(0)P (0)− A+(0)P+ = 0,
D−(0)P (0)− A−(0)P− = 0.
(29)
If there is no external load, A±(l) = 0 for l = 0 means the unbinding motor only can rebind
to binding site of the track with lowest energy barrier, and the cargo does not change its
location during the binding process. D±(l) = 0 for l = 0 means the motor only can unbind
from the track when both of them locate at the same position (but not the same binding
site, since they might walk along different filaments).
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It is reasonable to assume that P (±∞) = 0 for κ > 0, then, for l > 0
P (−l) =W (−l + 1)
U(−l) P (−l + 1) =
W (−l + 1) · · ·W (0)
U(−l) · · ·U(−1) P (0) =: c−lP (0),
P (l) =
U(l − 1)
W (l)
P (l − 1) = U(l − 1) · · ·U(0)
W (l) · · ·W (1) P (0) =: clP (0),
(30)
and
P+ =
D+(0)
A+(0)
P (0), P− =
D−(0)
A−(0)
P (0) (31)
So the normalization condition P+ + P− +
∑∞
l=−∞ P (l) = 1 gives
P (0) =
1
D+(0)/A+(0) + D−(0)/A−(0) +
∑∞
l=−∞ cl
, (32)
in which c0 = 1. Consequently,
P (l) =
cl
D+(0)/A+(0) + D−(0)/A−(0) +
∑∞
l=−∞ cl
=
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
∏l
i=1
U(i−1)
W (i)
1 + D+(0)/A+(0) + D−(0)/A−(0) +
∑∞
l=1
∏l
i=1
U(i−1)
W (i)
+
∑−∞
l=−1
∏−1
i=l
W (i+1)
U(i)
, for l ≥ 1,
∏−1
i=l
W (i+1)
U(i)
1 + D+(0)/A+(0) + D−(0)/A−(0) +
∑∞
l=1
∏l
i=1
U(i−1)
W (i)
+
∑−∞
l=−1
∏−1
i=l
W (i+1)
U(i)
, for l ≤ −1.
(33)
One can verify that, the steady state mean velocity of the cargo is (see (28))
V =
L
κ+ + κ−
∞∑
l=−∞
[U+(l)κ+ + U−(l)κ− −W+(l)κ+ −W−(l)κ−]P (l)
+ L
[
U− exp
(
−δ−FextL
kBT
)
−W− exp
(
(1− δ−)FextL
kBT
)]
P+
+ L
[
U+ exp
(
−δ+FextL
kBT
)
−W+ exp
(
(1− δ+)FextL
kBT
)]
P−
−
(
1
κ−
− 1
κ+ + κ−
)
FextD+(0)P (0)−
(
1
κ+
− 1
κ+ + κ−
)
FextD−(0)P (0)
+
(
1
κ−
− 1
κ+ + κ−
)
FextA+(0)P+ −
(
1
κ+
− 1
κ+ + κ−
)
FextA−(0)P−.
(34)
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B. Special case II
Another meaningful special case is that, P (l) = 0 for |l| > n, and the motor only can
unbind from the track at states l = ±n and rebind to the track at state l = 0 (see Fig. 2).
This means the unbinding motors only can rebind to binding site of the track with lowest
energy barrier, and unbind from the binding site with strongest inter-motor interaction.
From the steady state master equations one easily sees
U(l − 1)P (l − 1)−W (l)P (l) = J−, for l = −n + 1, · · · , 0,
U(l − 1)P (l − 1)−W (l)P (l) = J+, for l = 1, · · · , n,
D+(−n)P (−n) + D−(−n)P (−n) = J−,
D+(n)P (n) + D−(n)P (n) = J+,
D+(−n)P (−n) + D+(n)P (n) = A+(0)P+,
D−(−n)P (−n) + D−(n)P (n) = A−(0)P−,
A+(0)P+ + A−(0)P− = J+ − J−,
(35)
where J± are constants. Under the normalization condition the probabilities P (l) can be
obtained by the above equations, and then the mean velocity can be obtained by (see (28))
V =
L
κ+ + κ−
∞∑
l=−∞
[U+(l)κ+ + U−(l)κ− −W+(l)κ+ −W−(l)κ−]P (l)
− L
κ+ + κ−
[
κ+
(
Fext
κ−L
+ n
)
D+(n)− κ−
(
Fext
κ+L
− n
)
D−(n)
]
P (n)
− L
κ+ + κ−
[
κ+
(
Fext
κ−L
− n
)
D+(−n)− κ−
(
Fext
κ+L
+ n
)
D−(−n)
]
P (−n)
+
(
1
κ−
− 1
κ− + κ+
)
FextA+(0)P+ +
(
1
κ+
− 1
κ− + κ+
)
FextA−(0)P−
+ L
[
U− exp
(
−δ−FextL
kBT
)
−W− exp
(
(1− δ−)FextL
kBT
)]
P+
+ L
[
U+ exp
(
−δ+FextL
kBT
)
−W+ exp
(
(1− δ+)FextL
kBT
)]
P−.
(36)
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IV. EXAMPLES
In this section, we will give some examples to illustrate the properties of cargo transport
by two motors. In all examples, L = 8 nm, δ± = 0.5, and kBT = 4.12 pN·nm are used.
Firstly, we use Monte Carlo simulations to observe the distance l = l+ − l− between the
two motors. In the simulations, we assumed that the motors cannot unbind from the track.
From Figs. 3 and 4, we can find that, if the two motors are the same, the value of l fluctuates
around 0, otherwise, the average value of l = l+ − l− might not be zero. However, in any
cases, the amplitude of fluctuation decreases with spring constant κ. Roughly speaking, if
the intrinsic directionality of the two motors are different, the cargo will be moved in an inch
worm manner [64] (see Fig. 4). Obviously, the average velocity of the asymmetric cases, as
given in Fig. 4, is much lower than that of the symmetric cases, as given in Fig. 3, since
there will be a tug-of-war between the two motors if they try to move to opposite directions
[14, 36, 58].
In the following, we will study the steady state properties using model (19). From the
results in Fig. 5, one finds that, the probability that cargo is transported by only one motor
decreases with F±a = F
±
d and k
on
0±, but increases with k
off
0± (Note, P++P− = 1−
∑∞
l=−∞ P (l)).
Because a large F±a = F
±
d or k
on
0± means the motor is difficult to detach from the track or
more likely to rebind to the track, while a large koff0± means the motor is easy to detach
from the track. As have been found in the Monte Carlo simulations, the fluctuation of
l = l+ − l− decreases with κ. If the cargo is pulled by two different motors, then, generally
P (l) = P (−l), which implies that the leading motor and the rear motor don’t change their
roles frequently. So, in most of the time, the cargo moves in an inch worm manner. From
the results in Fig. 6, one sees that, the mean velocity V of cargo decreases with κ and
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external load Fext. The stall force Fs of the cargo, i.e., the external load under which
V vanishes, is generally different from the sum or difference of that of the two motors,
Fs = |F+s ± F−s | := |kBT [| ln(U+/W+)| ± | ln(U−/W−)|]/L| [5]. If the intrinsic directionality
of the two motors are the same, then Fs is smaller than F
+
s + F
−
s , but usually bigger than
F+s , F
−
s (see Fig. 6(a)(b)). Therefore, cooperation of several motors is helpful for transport
of big cargoes. However, if the intrinsic directionality of the two motors are different, it is
possible for both Fs > |F+s − F−s | and Fs < |F+s − F−s | (see Fig. 6(c)(d)). Similar results
have been obtained using tug-of-war model [20].
To know the influence of the spring constant κ on the motion of cargo, we plotted the stall
force Fs and zero-load velocity V0 of the cargo as functions of κ in Fig. 7. From the curves
(a) (b) in figures about Fs, one sees that, if the cargo is pulled by two same motors then, in
small κ limit, the stall force Fs is two times of the single motor stall forces, but in large κ
limit, Fs is around the single motor stall force. At the same time, from the curves (a) (b) in
figures about V0, one also can see that, for the two same motors cases, the zero-load cargo
velocity V0 in small κ limit is around the single motor velocity. Meanwhile, the results in
Fig. 7 also indicate that, Fs and V0 do not always decrease with κ. In other words, although
in most cases, as had been found experimentally by Diehl and coworkers [43], the interaction
between two motors is negative to the motion of cargo, in some cases, the increase of this
interaction is helpful to improve the performance of the motor team. From the figures, one
can also find that, for large κ, V0 tends to constant. The reason is that, for large κ, almost
all the motion of cargo is made by a single motor (with the other one being detached from
the track). Due to the stronge interaction between the two motors, none of them can make
a forward or backward step if they are both binding to the track. The difference among the
limits of V0 comes from the different values of P+ and P−, which depend on single motor
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parameters U±,W±, F±a , F
±
d , k
off
0±, k
on
0± and δ±.
V. CONCLUDING REMARKS
In this paper, a theoretical model for the cargo transport by several motors is given. In
this model, the location of cargo is determined by force balance condition. Each motor is
regarded as a bead-spring system, the bead can bind to or unbind from the track and jump
forward or backward with step size L, the spring connects the bead to the cargo tightly.
With small spring constant, the cargo usually moves with high velocity and has big stall
force. Actually, from calculations, we find that, in the small spring constant limit, the
velocity of cargo is the average of that of single motors. On the contrary, with big spring
constant, the cargo will move with low velocity and has small stall force. If the cargo is
pulled by cooperation of two motors with same intrinsic directionality. the stall force of
cargo is usually smaller than the sum of stall forces of the two motors, and bigger than each
of them. If the motor is transported by two motors with different intrinsic directionality,
it is possible that, the stall force of cargo is bigger or smaller than the absolute value of
the difference of single motor stall forces. For these cases, the cargo will move in an inch
worm manner. Although in most cases, the interaction between the two motors is negative
to the motion of cargo, in some cases, the increase of this interaction is helpful to improve
the performance of the team.
In our model, the idea to describe interactions among different motors is similar as the
one used by Kunwar and coworkers [18], the method to model the motion of single motor
is similar as that provided by Fisher and Kolomeisky [5]. So, from this point of view, this
method is not only reasonable to describe the motion of organelles and vesicles in cells,
which are transported by plus-end directed motor kinesin and minus-end directed motor
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dynein, but also theoretically tractable to get valuable results. It is also obvious that, the
dynamic framework of our model is the same as the one devised by Lipowsky and coworkers
[15, 19, 36].
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FIG. 1: Schematic depiction of the special case I: A±(l) = D±(l) = 0 for l = 0.
FIG. 2: Schematic depiction of the special case II: P (l) = 0 for |l| > n, and the two motors only
can unbind from the track at states l = ±n and bind to the track at state l = 0.
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FIG. 3: Monte Carlo simulations of the model with two same motors. In the simulations, it is
assumed that the motors cannot unbind from track. The parameters used here are: U+ = U− = 100
s−1, W+ = W− = 1 s−1, δ± = 0.5, kBT = 4.12 pN·nm, L = 8 nm, Fext = 0 pN, and κ = 0.1
pN/nm in figures (a) (b), κ = 0.5 pN/nm in figures (c) (d). The coordinator of the two motors are
denoted by l+, l− respectively, and l = l+ − l−.
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FIG. 4: Monte Carlo simulations of the model with two different motors. The parameters are:
U+ = 100 s−1, U− = 1 s−1, W+ = 1 s−1, W− = 50 s−1, δ± = 0.5, kBT = 4.12 pN·nm, L = 8 nm,
Fext = 0 pN, and κ = 0.1 pN/nm in figures (a) (b), κ = 0.5 pN/nm in figures (c) (d).
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FIG. 5: The steady state probability P (l) of model (19). The parameters used in figures (a) (b)
are: U+ = U− = 100 s−1, W+ = W− = 1 s−1, kon0± = koff0± = 1 s−1, and U+ = 100 s−1, U− = 1 s−1,
W+ = W− = 50 s−1, F±a = F
±
d = 10 pN, κ = 0.5 pN/nm in figures (c) (d).
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FIG. 6: The velocity force relation for a cargo transport by two motors. The parameters used
in the calculations are kon0± = 10 s−1, koff0± = 1 s−1, F±a = F
±
d = 10 pN, and (a) U± = 100 s
−1,
W± = 1 s−1, (b) U+ = 100 s−1, W+ = 1 s−1, U− = 50 s−1, W− = 1 s−1, (c) U+ = 1000 s−1,
W+ = 1 s−1, U− = 1 s−1, W− = 200 s−1, and (d) U+ = 1000 s−1, W+ = 1 s−1, U− = 50 s−1,
W− = 200 s−1. The thick lines correspond to κ = 0.1 pN/nm, the thin lines correspond to κ = 0.5
pN/nm, and the dashed lines correspond to κ = 0.8 pN/nm. The black dots are obtained by
kBT [ln(U+/W+) + ln(U−/W−)]/L.
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FIG. 7: The stall force Fs (Left) and zero-load velocity V0 (Right) of cargo transport by two
motors as functions of spring constant κ. The parameters used in the calculations are kon0± = 10
s−1, koff0± = 1 s−1, F±a = F
±
d = 10 pN, and (a) U± = 100 s
−1, W± = 1 s−1, (b) U± = 100 s−1,
W± = 20 s−1, (c) U+ = 100 s−1, W+ = 1 s−1, U− = W− = 1 s−1, and (d) U+ = 100 s−1,
W+ = 1 s−1, U− = W− = 500 s−1. The single motor stall forces are: (a) F+s = F−s = 2.37 pN, (b)
F+s = F
−
s = 0.83 pN, (c) (d) F
+
s = 2.37 pN, F
−
s = 0 pN.
